ARMCO-iron was cross-rolled in two different modes, i.e. with a rotation of the rolling direction through 90 after each individual pass or after half of the reduction in thickness only. In the first case, which corresponds to a truly tetragonal straight deformation path, the orientation {001} (110) assumes an extremely high orientation density of 50 x random after 93% reduction. Besides this, the texture contains a nearly ideal 111)lIND-orientation tube, the intensity of which increases to about 10 x random. The texture of the second mode is similar to that of the first one up to about 50% reduction. After that the density in the orientation {001}(110) decreases and increases again at the highest deformation degrees. Two minor orientation components {001}(100) and {011}(100) were found with intensities in the range of 3 to 5 x random at low deformation degrees of about 10%.
INTRODUCTION
The rolling texture of iron and other bcc metals has often been described by three ideal orientations {001}(110), {112}(110) and {111}(112) with spread ranges between them (see e.g. Haessner and Weik 1956, Kern, Lee, Bunge 1986 , see also Wassermann and Grewen 1969) . One of the spread ranges is extended between {001}(110) and {112}(110) . It is thus a "limited" (110) fibre texture with the (ll0)-fibre axis parallel to the rolling direction. The other spread range is extended between {112}(110) and {111}(112). It can be described by a "curved" skeleton line in the orientation space with a variation of the intensity along this line.
Both spread ranges comprise also the orientation {111}(110) (Kern, Lee, Bunge 1986 ). Hence, the rolling texture of iron has been described alternatively by two fibre textures, a "limited" (110)IIRD fibre and a "complete" (lll)INDfibre. In this description the ideal orientations of the first description are the intersections of the two "fibres." The two descriptions are thus somehow complementary to each other.
The rolling deformation can be idealized by plane strain deformation, i.e. an elongation in rolling direction and a shortening of the same amount in normal direction, whereas the transverse direction remains constant. This ideal shape change may especially be assumed to be valid in the central layer of a rolled sheet. Hence, the texture development by rolling is usually studied in samples taken from the central layer of the sheet. Plane strain deformation possesses orthorhombic symmetry, i.e. rolling direction, transverse direction and normal direction are axes of two-fold symmetry.
If the rolling direction is being turned through 90 after each rolling pass, i.e. the material is being "cross-rolled" then the sample symmetry is tetragonal with a four-fold axis parallel to normal direction instead of the two-fold axis of straight rolling. Also cross-rolling textures of iron and other bcc metals have been studied in detail. A summary of these investigations was given by Wassermann and in an inert atmosphere and water quenched. In order to obtain similar final thicknesses after various degrees of cross-rolling, the initial size of the sheets was reduced by machining and reversed cold rolling followed by recrystallization as shown in Figure 1 . The grain structures of the initial states A1 to A3 were slightly elongated in rolling direction whereas the grains of the material A4 were nearly equiaxed, the grain size was in the order of magnitude of 67/zm. The textures of the initial states were not random as is shown in Figure 2 . The maximum orientation density values also given in Figure 2 show that these textures were of medium degree. Cross-rolling was carried out on a two-roll laboratory mill with 180mm roll diameter. Slabs of 60 x 60mm were cut from the pre-treated material. The slabs were then cross-rolled in two different ways" 0 20 40 60 80
Deformat|on Degree Figure 3 The two partial deformation degrees for two-stage rolling.
Two-Stage Rolling
The slabs were rolled in the original rolling direction to about half the final reduction in thickness by reversing after each pass. After that they were rolled in the original transverse direction also reversing after each pass. Thereby the two partial deformation degrees r/1 and r/2 are different as is shown in Figure 3 . 
RESULTS
The initial textures before cross-rolling were already given in Figure 2 . The (110) pole figures of the cross-rolled samples are shown in Figure 4 . It is seen that they exhibit four-fold symmetry after higher deformation degrees of the multi-stage case. This mode of deformation corresponds to tetragonal symmetry with a four-fold axis in sheet normal direction. The lower deformation degrees of this mode still show remnants of the two-fold symmetry due to the starting textures which had only the orthorhombic sample symmetry. The textures after two-stage rolling deviate more or less from tetragonal symmetry particularly after the higher deformation degrees. The ODF of three deformation degrees of each deformation mode are shown in Figure 5 . The main features of these textures can be described in terms of an orientation tube running through the whole orientation space as well as three ideal orientations and spread ranges between them. This is illustrated schematically in Figure 6 . In detail, small deviations of the orientations A and B from ideal low-index orientations were found as is seen in Figure 11 which gives the values t# of these two orientations as a function of the deformation degree. For the ideal position with (111) parallel to normal direction this value should be 54.7 as is also indicated in Figure 11 .
The orientation density along the skeleton line is shown in Figure 12 . It is seen that the density is nearly constant along the skeleton line except for the higher Figure 16 which gives the orientation densities at the main points indicated in Figure 6 . In both modes, the orientation density of the tube orientations A and B (and in between them) increases continuously. The "rotated cube orientation" (001) Figure  6 as given in Figure 16 may be influenced by the series truncation error, especially for the higher deformation degrees. Hence, the development of the pole densities in the pole figures was also plotted as a function of the deformation degree as is shown in Figure 17 . In this figure the density values of the four symmetrically equivalent pole figure points are given as error margins about the mean values.
Hence, this figure also gives an estimation of the experimental accuracy. The error margins in Figure 17 may give an estimation of the accuracy of the ODF based on these pole figure values. It is to be noted that the maximum orientation density in the pole figures is much smaller than that in the ODF.
DISCUSSION
In order to end up with nearly the same thickness after deformation degrees between 10% and 93%, different initial sheet thicknesses had to be used. This could not only be achieved by machining. Hence, for the smaller starting thicknesses, i.e. the lower deformation degrees, the thickness of the as received material was reduced additionally by rolling followed by recrystallization. This pre-treatment gives rise to different initial states of the material before crossrolling. This refers to the grain structures of the materials as well as to their textures. The grains of the only machined state A4 were equiaxed and the starting texture consisted mainly of a {1ll}-fibre. The grains of the additionally cold rolled and recrystallized materials became increasingly elongated in rolling direction and the textures developed additionally a (001}(110) orientation. Also the maximum orientation density increased up to 5.74 x random as is seen in Figure 2 . These differences in the initial state may be considered as a disadvantage. On the other hand, however, they also provide a means of estimating the influence of the initial state on the final cross-rolling textures.
Cross-rolling was carried out in two different ways, i.e. the truly tetragonal "multi-stage" rolling consisting of a large number of small steps with a rotation of 90 after each step and "two-stage" rolling. In this latter case, the rolling direction was turned by 90 only once after half of the total reduction in thickness. Up to about 50% deformation this corresponds approximately to "balanced" two-stage rolling i.e. the partial rolling degrees in longitudinal and transverse direction are approximately equal as is to be seen in Figure 3 . At higher deformation degrees the second partial deformation degree r/2 becomes increasingly stronger than the first one, r/1. Hence, the resulting textures are dominated by 2, i.e. they become more similar to straight-rolling textures corresponding to the second rolling direction. This is seen in Figure 5e which resembles a straight-rolling texture of iron but with 01 rotated through 90.
The texture of straight-rolled iron was described with two complementary models, i.e. a) by three ideal orientations {001}(110), {211}(110), {111} (112) Figure 16 and the constant orientation density along the skeleton line of multi-stage rolling as is shown in Figure 12b .
The minor orientation {110} (001) 
SUMMARY AND CONCLUSIONS
Cross-rolling in iron was carried out in two different modes, i.e. multi-stage rolling with a rotation of 90 after each rolling pass and two-stage rolling consisting of longitudinal rolling to about half of the reduction in thickness followed by transverse rolling to the final thickness. Multi-stage rolling virtually follows a straight deformation path with tetragonal symmetry whereas two-stage rolling corresponds to a "broken"deformation path, the two parts of which have only orthorhombic symmetry. Since the addition of crystal rotations is not commutative, this broken path as a whole has only orthorhombic symmetry. On the other hand, as long as the two partial deformation degrees of two-stage rolling are nearly equal, the resulting textures are similar. Truly tetragonal multi-stage rolling gives rise to an extremely high density in the orientation {001} (110) and a nearly ideal fibre axis component (111)lIND. All other orientations decrease in intensity with increasing deformation degree. The texture after two stage rolling develops in a similar way up to about 50% deformation.
After that the intensity in the predominant orientation {001} (110) decreases and increases again at the very highest deformation degrees.
